The scaling properties of the critical nucleus, as proposed recently by McGraw and Laaksonen, are analyzed in the context of density functional results for simple Lennard-Jones systems. A simple phenomenological approach with no adjustable parameters is introduced to test the validity of these scaling relations in describing the nucleation behavior of nonpolar and weakly polar vapors.
I. INTRODUCTION
In the last 20 years there has been a considerable effort to develop new phenomenological approaches to the problem of gas-liquid nucleation. 1 Most of these approaches retain the basic principles of the classical nucleation theory, and introduce different correction factors to improve the theoretical prediction of the nucleation rates. In all of these cases, experimental data of several sorts are used to predict the free energy of the critical nucleus and from it, the rate of nucleation as a function of the temperature and vapor pressure.
Recently, density functional models also have been used to develop semiempirical approaches to the problem of nucleation, 2 or to guide and constrain the construction of new phenomenological theories. 3, 4 In particular, McGraw and Laaksonen 4 used density functional calculations to support the validity of their proposed scaling properties of the critical nucleus in one-component systems.
This letter further analyzes the implications of density functional results on the nature of the scaling relations of the critical nucleus, and presents a new phenomenological theory that is useful to test the validity of the scaling laws in describing the experimental results for the rate of nucleation of real substances.
II. SCALING PROPERTIES OF THE CRITICAL NUCLEUS
In their analysis of possible scaling properties for the number of molecules i* in the critical nucleus and the height of the nucleation barrier ⌬⍀*, McGraw and Laaksonen consider the general scaling relations C͑T ͒ϭ
where ␥ ϱ is the surface tension of the planar interface and l is the bulk liquid density at coexistence. McGraw and Laaksonen also suggest that the Kelvin relation in Eq. ͑3͒ has validity beyond the capillarity approximation of the classical model. This assumption seems to be sustained by results from density functional theory ͑DFT͒ for nucleation of simple Lennard-Jones fluids, as shown in Fig.  1 . The excess number of particles in critical nuclei at different temperatures and supersaturations, obtained by DFT for the basic model described in detail in Refs. 5 and 6, follows closely the predictions of this scaling rule when the model's surface tension, bulk liquid density, and chemical potentials are used in Eqs. ͑1͒ and ͑3͒.
The scaling relation for ⌬⍀* in Eq. ͑2͒ implies that the function D(T) is a direct measure of the energy difference between the classical prediction and the actual value of the nucleation barrier; this deviation is then assumed to be independent of the supersaturation ratio S. According to DFT results, the height of the nucleation barrier is expected to go to zero at the spinodal: 7, 8 Thus, D(T) can be obtained by evaluating the classical work of formation for the critical nucleus at this limit
where the subscript s indicates evaluation at the spinodal, and the scaling rule for the excess number of particles i* has been used in the second equality. Combining this result with Eq. ͑2͒, the scaling relation for the work of formation results in
͑5͒
In a first approach, the chemical potential difference between the supersaturated vapor at the spinodal and the vapor at coexistence, ⌬ s , can be obtained from an equation of state for the fluid. When considering a one-component Lennard-Jones fluid of spherical molecules in a CarnahanStarling approximation, 5, 6 the predictions from Eq. ͑5͒ compare surprisingly well with the work of formation of critical nuclei obtained by DFT for the same model under a wide range of conditions ͑see Fig. 2͒ . However, there is still a tendency to underestimate the height of the nucleation barrier at low supersaturations and high temperatures, and to overestimate it at high S and low T.
According to these scaling properties, the work of formation of a cluster of size i from a supersaturated vapor at a certain ⌬, can be expressed as
or, in terms of the classical value for the number of particles in a critical nucleus at the spinodal i s ,
The classical expression for the work of formation ⌬⍀ can be then recovered by assuming a particular dependence of the interfacial free energy on the size of the cluster
ͬ .
͑8͒
This describing the nucleation behavior of simple systems, where the departure from the classical predictions is normally associated with an overestimation of the surface tension of small clusters.
III. COMPARISON WITH EXPERIMENTAL RESULTS
If the scaling relations, as described in the previous section, are assumed to be valid for the critical nuclei of real fluids, they can be used to develop a phenomenological theory of nucleation. This theory demands the classical input of experimental data on the materials whose nucleation is being predicted ͑the surface tension, the equilibrium vapor tem at each temperature. It is then possible to use this equation to estimate the chemical-potential difference ⌬ s and from it, the correction to the classical value for the height of the energy barrier to nucleation ͓Eq. ͑4͔͒; the order of magnitude of the resulting nucleation rates is practically independent of the particular choice for the equation of state that is used to locate the spinodal. The predictions of this phenomenological approach have been compared with nucleation rates measured for two nonpolar substances, n-nonane and toluene, and a substance of intermediate polarity, n-butanol. The physical properties used in the calculations are those listed by Dillmann and Meier for n-nonane and n-butanol, 9 and by Schmitt et al. for toluene. 10 Nucleation rates for nonane have been measured by Adams et al. using an expansion cloud chamber.
11 CNT fails to describe the experiments in all cases as can be seen in Fig.  3͑a͒ , where each theoretical curve corresponds to one set of measurements at a particular pre-expansion temperature ͑the temperature decreases from left to right in this and the following figures͒. Since, in experiments of this kind, the temperature depends on the supersaturation, it is assumed that T ϭ a 1 ln S ϩ a 2 , where the coefficients a 1 and a 2 are obtained for every pre-expansion temperature by a leastsquares fit to experimental (S,T) pairs.
The introduction of the scaling correction ͓SNT curves in Fig. 3͑b͔͒ improves substantially the theoretical predictions, although the nucleation barrier is still overestimated at low temperatures. A larger improvement is observed for toluene ͓Figs. 4͑a͒ and 4͑b͔͒ when the theoretical rates are compared to data from expansion cloud chamber measurements. 10 In this case the agreement in the whole range of available experimental results is remarkable.
Homogeneous nucleation rates of n-butanol in argon were measured in an expansion chamber by Viisanen and Strey. 12 Comparison with predictions from classical nucleation theory shows a consistent underestimation of the nucleation rates by a maximum of two orders of magnitude for the temperatures and supersaturations of the experiments ͓see Fig. 5͑a͔͒ . The discrepancy between theoretical and experimental results virtually disappears when the scaling correction is taken into account, as shown in Fig. 5͑b͒ .
The current results indicate that the introduction of the scaling relations proposed by McGraw and Laaksonen 4 improves the description of the homogeneous condensation of nonpolar and weakly polar vapors. Additional considerations are necessary, however, to describe the behavior of polar and associating fluids where different theoretical approaches consistently have failed by underestimating the height of the energy barrier to gas-liquid nucleation.
